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Determination of enantiomeric excess is important and remains challenges. We theoretically
propose a new spectroscopic method for this issue based on the chirality-dependent AC Stark effects
in cyclic three-level models under the three-photon resonance condition. The enantiomeric excess
of the chiral mixture is determined by comparing the amplitudes of the two chosen AC Stark
peaks in the Fourier transform spectrum of the induced polarizations, which are (approximately)
proportional to the molecule numbers of the two enantiomers, respectively. Comparing with current
spectroscopic methods based on the interference between the electric- and (usually weak) magnetic-
dipole transition moments and/or with the need for enantio-pure samples, our method only involves
electric-dipole transitions and does not require the enantio-pure samples. Therefore, it will give
strong chiral signals and can be applied to the determinations of enantiomeric excess for chiral
molecules whose enantio-pure samples are still challenging to achieve.
I. INTRODUCTION
Chirality is fundamentally important for the chirality-
dependency of many chemical and biological processes.
Despite this, determination of enantiomeric excess re-
mains tremendous challenges [1–6]. Traditionally, there
are some spectroscopic methods [7–9] for determination
of enantiomeric excess, such as circular dichroism, vi-
brational circular dichroism, and Raman optical activity.
These methods [7–9] are based on the interference be-
tween the electric-dipole transition moments and the usu-
ally weak magnetic-dipole transition moments. There-
fore, the related chiral signals are usually weak.
Recently, based on the cyclic three-level model [10–16]
of chiral molecules, enantiomer-specific microwave spec-
troscopy (EMS) method [17–26] has achieved great suc-
cess in the determination of enantiomeric excess. Two
driving electromagnetic fields, resonantly coupling two
electric-dipole transitions, give rise to an induced polar-
ization corresponding to the third electric-dipole tran-
sition due to the mechanism of three-wave mixing in
the framework of the cyclic three-level model. Since the
product of the three electric-dipole transition moments
changes sign for different enantiomers, there is a phase
shift of pi for the induced polarizations of the two enan-
tiomers. In the chiral mixture to be detected, the in-
duced polarizations from the two enantiomers will de-
structively interfere and thus the amplitude of the total
induced polarization will reflect the molecule number dif-
ference between the two enantiomers. With the help of
an enantio-pure sample with the same molecule number,
one can determine the enantiomeric excess of the chiral
mixture to be detected. The EMS method [17–26] in-
volves only the electric-dipole transition moments and
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thus is considered as a sensitive, quantitative method for
determination of enantiomeric excess [17–26].
Similar to the traditional methods [7–9], the enantio-
pure samples are needed in the EMS method [17–26].
For some chiral molecular species [18–21], the enantio-
pure samples are commercial available. However, it
is still challenging to achieve the enantio-pure sam-
ples for most chiral molecular species [11–15, 27–34].
In the two most widely used techniques for achieving
the enantio-pure samples, chromatography and capillary
electrophoresis [35–39], specific development and opti-
mization of intricate processes are required for different
chiral molecular species. Based on the cyclic three-level
model, there are some theoretical methods [11–15, 31]
available to all chiral molecular species for achieving
the enantio-pure samples. Unfortunately, the enantio-
pure samples can not be obtained by using these meth-
ods [11–15, 31] in the existing experimental technical con-
ditions [32, 40]. Therefore, methods for the determina-
tion of enantiomeric excess only based on electric-dipole
transitions and without requiring the enantio-pure sam-
ples are highly desired.
In this paper, we theoretically propose such a method
for the determination of enantiomeric excess based on
chirality-dependent AC Stark effects in the cyclic three-
level model. Three electromagnetic fields are applied
to couple the three electric-dipole transitions under the
three-photon resonance. Around each of the three bare
transition frequencies, six peaks with chirality-dependent
frequency shifts will appear in the Fourier transform
spectrum of the induced polarization for each of the two
enantiomers as the result of AC Stark effects. The am-
plitudes of these AC Stark peaks for each enantiomers
are (approximately) proportional to the molecule num-
bers of that enantiomer in the chiral mixture. Based on
these properties, we give a new method for determina-
tion of enantiomeric excess with the help of a racemic
sample. Since the racemic sample is easy to get, our new
2method would have wide applications in the determina-
tions of enantiomeric excess for chiral molecules whose
enantio-pure samples are still challenging to achieve.
II. MODEL
Figure 1. Modeling the left- and right-handed chiral molecules
as cyclic three-level systems. Three electromagnetic fields
couple to the transitions of the cyclic three-level systems with
Rabi frequencies Ω12, Ω13, and ±Ω23.
Our method is based on the cyclic three-level
model [11–16] of chiral molecules formed with three
electric-dipole transitions. The general cyclic three-level
model is described with the following Hamiltonian in the
rotating-wave approximation (~ = 1):
Hˆ =
3∑
j=1
vj |j〉〈j| +
3∑
i>j=1
[Ωjie
iωjit|j〉〈i|+ h.c.], (1)
where vj are the energies of the states |j〉, ωji are the
frequencies of the electromagnetic fields coupling to the
transitions |i〉 ↔ |j〉, and the Rabi frequencies Ωji can be
controlled by varying the corresponding electromagnetic
fields. We will specify our model by choosing the Rabi
frequencies of the left- and right- handed molecules as
ΩLji = Ωji, Ω
R
12 = Ω12, Ω
R
13 = Ω13, and Ω
R
23 = −Ω23 as
shown in Fig. 1. The inner states of the left- and right-
handed molecules are |j〉L and |j〉R (j = 1, 2, 3). We
have introduced the scripts L and R to denote the left-
and right-handed molecules.
Under the three-photon resonance (ω13 − ω12 = ω23),
we write the evolved wave function for a general cyclic
three-level system governed by Eq. (1) as
|Ψ(t)〉 = e−iv1t[c1(t)|1〉+
3∑
j=2
cj(t)e
−iω1jt|j〉], (2)
where the column vector c = (c1, c2, c3)
T can be evalu-
ated from the following equation
ic˙(t) = H · c(t) (3)
with the time-independent matrix
H =


0 Ω12 Ω13
Ω∗12 ∆12 Ω23
Ω∗13 Ω
∗
23 ∆13

 (4)
in the basis {|1〉, |2〉, |3〉}. Here the detunings are defined
as ∆ji ≡ vi − vj − ωji with 3 ≥ i > j ≥ 1, which satisfy
the three-photon resonance condition ∆12 +∆23 = ∆13.
The evolved wave function |Ψ(t)〉 in Eq. (2) is governed
by the evolution of c(t) with
c(t) =
3∑
j=1
αje
−iξjtηj , (5)
where ηj = (ηj1, ηj2, ηj3)
T and ξj are the eigenvectors
and the corresponding eigenvalues of the matrix (4). The
exact forms of ηj and ξj can be found in Refs. [10, 11].
The coefficients αj are determined by the initial state.
III. AC STARK EFFECTS
The AC Stark effects will emerge in the evolution of the
cyclic three-level systems. In order to demonstrate this,
we explore the induced polarization, which is a transient
observable [41]. For a single molecule, the induced po-
larization is P(t) ≡ 〈Ψ(t)|µˆ|Ψ(t)〉 = P21(t) + P31(t) +
P32(t) with µˆ the electric-dipole operator, where P21,
P31, and P32 correspond to the transition electric-dipole
moments µ21, µ31, and µ32. They are respectively
P21(t) =
3∑
j1,j2=1
[Γ21(j1, j2)e
i(ω12+ξj1−ξj2 )tµ21 + c.c.],
P31(t) =
3∑
j1,j2=1
[Γ31(j1, j2)e
i(ω13+ξj1−ξj2 )tµ31 + c.c.],
P32(t) =
3∑
j1,j2=1
[Γ32(j1, j2)e
i(ω23+ξj1−ξj2 )tµ32 + c.c.].
(6)
Here the time-independent terms are
Γj′
1
j′
2
(j1, j2) = αj2α
∗
j1
ηj2j′2η
∗
j1j
′
1
(7)
with 3 ≥ j′1 > j′2 ≥ 1 and µij ≡ 〈i|µˆ|j〉.
From Eq. (6), we find that, around each bare tran-
sition frequency for the cyclic three-level system, there
will be six peaks in the Fourier transform spectrum of
the induced polarization with frequency shifts of
δωj1j2 = (ξj1 − ξj2), j1 6= j2. (8)
Such frequency shifts are known as AC Stark shifts [42].
In the following, we will call the peaks due to the AC
Stark shifts as AC Stark peaks.
3Generally, the frequency shifts (8) are chirality-
dependent due to the chirality-dependency of H [43]. In
the following, we will show the chirality-dependency of
the frequency shifts in a specific case of the initial ground
state |1〉, i.e., c(0) = (1, 0, 0)T, and the parameters are
tuned to satisfy the conditions
Ω13 = Ω12 6= 0, ∆12 = ∆13. (9)
Under the conditions (9), the eigenvectors of the ma-
trix (4) are
η1 =
√
2
2
(0,−1, 1)T,
η2 = N2(− ξ3
Ω12
, 1, 1)T,
η3 = N3(− ξ2
Ω12
, 1, 1)T (10)
with the normalization coefficients N2 and N3, and the
corresponding eigenvalues ξ1 = ∆12 − Ω23, ξ2 = [∆12 +
Ω23 −
√
8Ω212 + (∆12 +Ω23)
2]/2, and ξ3 = [∆12 +Ω23 +√
8Ω212 + (∆12 +Ω23)
2]/2. Here, we have assumed that
all the Rabi frequencies are real for simplicity.
Note that c(0) = (1, 0, 0)T is orthogonal to η1. Ac-
cording to Eq. (7), the six AC Stark peaks will reduce
to two AC Stark peaks for each of the two enantiomers
with the frequency shifts
δωL32 =
√
8Ω212 + (∆12 +Ω23)
2, δωL23 = −δωL32
δωR32 =
√
8Ω212 + (∆12 − Ω23)2, δωR23 = −δωR32. (11)
Here, the scripts L and R stand for the left-and right-
handed molecules. The distance between the two ad-
jacent AC Stark peaks corresponding to the two enan-
tiomers is
d ≡ ∣∣δωL32 − δωR32
∣∣ = ∣∣δωL23 − δωR23
∣∣ . (12)
From Eq. (11) and Eq. (12), we find that, in the param-
eter regime |Ω12| ≫ {|∆12|, |Ω23|}, d will approach zero.
In what follows we will focus on the parameter regime
|Ω12| ≤ {|∆12|, |Ω23|}, where d can be sufficient large
and thus the AC Stark peaks corresponding to the two
enantiomers clearly distinguishable.
It is worthy to note that the chirality-dependency of
the AC Stark shifts results from the fact that the prod-
uct of the three electric-dipole transition moments for the
three transitions changes sign for different enantiomers,
which is also the essential in the EMS method [17–26]. In
the EMS method [17–26], only two transitions are driven
by electromagnetic fields. In our scheme, the three tran-
sitions are driven by three corresponding electromagnetic
fields. Such a scheme with three electromagnetic fields
has also been used for enantio-separation [11–13, 32].
IV. METHOD FOR DETERMINATION OF
ENANTIOMERIC EXCESS
Now, we have demonstrated the chirality-dependent
AC Stark peaks around each of the three bare transition
frequencies in the Fourier transform spectrum of the in-
duced polarization. Such chirality-dependent properties
can be used for the determination of enantiomeric excess.
A. Ideal cases
In the ideal cases without decoherence, the induced
polarization corresponding to µ21 for a chiral mixture
withNL left-handed molecules andNR right-handed ones
is given in the frequency domain as [17–26]
P21(ω) = NLP
L
21(ω) +NRP
R
21(ω), (13)
where P21(ω), P
L
21(ω), and P
R
21(ω) are Fourier trans-
forms of P21(t), P
L
21(t), and P
R
21(t). Here, the coherent
superposition of the induced polarizations in Eq. (13) is
essentially important for our discussions, which is also
the starting point of current experiments using the EMS
method [17–26]. The succusses of the related experi-
ments [18–25] ensure the validity of Eq. (13) in current
experiments conditions [18–25]. One approximation ap-
plied to reduce the complexity is that the interaction vol-
ume of the fields and molecules is small compared to the
wavelength by neglecting the dependence of the electro-
magnetic field on the wave vectors [25].
The key point of our method is to find two frequencies
ωI and ωII, where the induced polarizations are propor-
tional to the molecule numbers of the two enantiomers
respectively:
P21(ωI) = NLP
L
21(ωI),
P21(ωII) = NRP
R
21(ωII). (14)
In the ideal cases, the AC Stark peaks are width-free ac-
cording to Eq. (6). Thus, we can choose the two frequen-
cies corresponding to two peaks of the two enantiomers
respectively with PR21(ωI) = 0 and P
L
21(ωII) = 0.
For the enantiomeric excess ε ≡ (NL−NR)/(NL+NR),
which defines the excess of one enantiomer over the other
in the mixture, we provide a new method to determine
it through
ε =
|P21(ωI)| − λ|P21(ωII)|
|P21(ωI)|+ λ|P21(ωII)| (15)
with
λ =
|PL21(ωI)|
|PR21(ωII)|
. (16)
Here the coefficient λ can be calculated with the help of
Eq. (7) for the left- and right-handed molecules in the
ideal cases.
4B. Realistic cases
In the realistic cases where the effect of decoherence
should be taken into consideration, the peaks on the
Fourier spectrum will be broadened and the linear re-
lationships between the induced polarizations and the
molecule numbers in Eq. (14) will change as [18–25, 41]
P˜21(ωI) = NLP˜
L
21(ωI) +NRP˜
R
21(ωI),
P˜21(ωII) = NLP˜
L
21(ωII) +NRP˜
R
21(ωII), (17)
where P˜21, P˜
L
21, and P˜
R
21 stand for the induced polariza-
tions in the realistic cases.
In order to determine the enantiomeric excess, we
should adjust the parameters and appropriately choose
the two AC Stark peaks for determination of enan-
tiomeric excess to ensure that, at the frequencies ωI and
ωII of the two chosen AC Stark peaks, the induced polar-
izations are (approximately) proportional to the molecule
numbers of the two enantiomers respectively. Specifi-
cally, the parameters should be adjusted to ensure that
|P˜R21(ωI)| ≪ |P˜
L
21(ωI) and |P˜
L
21(ωII)| ≪ |P˜
R
21(ωII)|. Gen-
erally, such properties can be realized when the two cho-
sen AC Stark peaks are well separated comparing with
the widths of the peaks due to the decoherence. Thus,
we can estimate the enantiomeric excess as
ε ≃ εm ≡ |P˜21(ωI)| − λ|P˜21(ωII)||P˜21(ωI)|+ λ|P˜21(ωII)|
. (18)
In the realistic case, the coefficient λ can be measured
with the help of the Fourier transform spectrum of a
racemic mixture as
λ ≃ λm ≡ |P˜
rm
21 (ωI)|
|P˜rm21 (ωII)|
, (19)
where “rm” denotes that the sample is a racemic mix-
ture.
C. Heterodyne measurement
The induced polarization P˜21 (or P21) can be ex-
perimentally determined by detecting the induced elec-
tromagnetic field E21(t) at point r in the radiation
zone [44, 45]. The component of E21(t) with the fre-
quency ω is
E21(ω) = Z0
ck2
4pi
eikr
r3
(r × P˜21(ω))× r, (20)
where Z0 =
√
µ0/ε0, r = |r|, and k is the wave-number
corresponding to the frequency ω. Usually, the signal
E21 is weak. We may amplify it in the case of heterodyne
measurement with a strong local oscillator Elo with the
frequency ωlo. This is realized by measuring the cross
term between a weak signal and strong local oscillator as
δI(t) = |E21(t) +Elo(t)|2 − |Elo(t)|2
≃ 2 |E21(t) ·Elo(t)| (21)
with |E21| ≪ |Elo|. For convenience, we have chosen
the polarization direction of Elo along that of E21. The
Fourier transform of δI(t) will be in essence the same as
the Fourier transform of the induced polarization P˜21.
In practice, we can use a grating to spatially disperse the
frequency components of the signal, which is in essence
similar to Fourier transform. We note that P˜21, P˜31,
and P˜32 are mutually orthogonal to each other. The
corresponding induced electromagnetic fields due to P˜31
and P˜32 will be orthogonal to Elo, and thus will not
affect the heterodyne measurement of E21 according to
Eq. (21).
V. EXAMPLES OF 1,2-PROPANEDIOL
Specifically, we will use 1, 2-propanediol as an exam-
ple to demonstrate our method. The working states of
the cyclic three-level model are three rotational states of
the ground vibrational state. They can be |1〉 = |00,0〉,
|2〉 = |1−1,0〉, and |3〉 = (|11,1〉 + |11,−1〉)/
√
2 in the
|Jτ,M 〉 notation with the angular moment quantum num-
ber J , the magnetic quantum number M , and τ run-
ning from −J to J in unit steps in the order of in-
creasing energy [16]. The bare transition frequencies are
ω12 = 6.4GHz, ω13 = 12.2GHz, and ω23 = 5.8GHz.
Three linearly Z-, Y -, and X- polarized electromag-
netic fields are applied to couple the three transitions
|1〉 ↔ |2〉, |1〉 ↔ |3〉, and |2〉 ↔ |3〉, respectively. We
assume the initial state of each of the two enantiomers is
the ground state |1〉. The system can be described with
the cyclic three-level model [16].
The electric dipoles in the molecular frame for the
three transitions |1〉 ↔ |2〉, |1〉 ↔ |3〉, and |2〉 ↔ |3〉
are µz = 1.201D, µy = 0.365D, and µx = 1.916D,
respectively [32]. In the space-fixed frame, we have
|µ12| = µz/
√
3 = 0.69D, |µ13| = µy/
√
3 = 0.21D, and
|µ23| = µx/2 = 0.96D [16]. The intensities of the elec-
tromagnetic fields are limited in the current experimen-
tal condition [18, 19, 32]. In our simulations, we will
choose the maximum value of the intensities of the elec-
tromagnetic fields to be ∼ 10V/cm. Then the corre-
sponding Rabi frequencies can be tuned in the regimes
|Ω12| . 22MHz, |Ω13| . 10MHz, and |Ω23| . 30MHz.
A. Effect of decoherence: Master equation
In appearance of decoherence, we should use the den-
sity matrix ρˆ =
∑3
l,u=1 ρlu(t)e
iωlut|l〉〈u| to depict the
state of a single general three-level system and thus we
5have
P˜21(t) = ρ12(t)e
iω12tµ21 + c.c.. (22)
The evolution of the density matrix is described by the
master equations [46]
dρ
dt
= −i[H, ρ] + L(ρ). (23)
Explicitly, L(ρ) representing the decoherence can be writ-
ten as [46]
[L(ρ)]lu = −(γlu + γphlu )ρlu, (l 6= u)
[L(ρ)]uu =
3∑
u′=u+1
Γuu′ρu′u′ −
u−1∑
u′=1
Γu′uρuu, (24)
where
γlu =
γl + γu
2
, γu =
u−1∑
l′=1
Γl′u. (25)
Γlu (l 6= u) are taken into account for pure population
relaxation due to radiative processes and the effect of col-
lisional processes on population relaxation from one level
to another. The effect of collisions on pure dephasing is
depicted by γphlu .
For simplicity, we assume that
Γlu = Γ, γ
ph
lu = γ, (26)
which give γ12 = Γ/2, γ13 = Γ, γ23 = 3Γ/2. For
chiral molecules in the gaseous medium, the decoherence
is dominated by inelastic collisions and thus the pure
dephasing due to the elastic collisions is negligible [47,
48]. In Ref. [49], it is also mentioned that Γ > γ in
buffer gas medium. Further, we assume γ = 0 and Γ ≃
0.1MHz [32, 49] in the following calculations.
B. Fourier transform spectrum
For simplicity, we will assume that all parameters are
positive and focus in the regime ∆12 > Ω23 > 0. In
Fig. 2, we show the Fourier transform spectrum of
P˜
rm
21 (t) ≡
P˜
rm
21 (t)
N
(27)
for the average induced polarization corresponding to
µ21 of a racemic mixture with N molecules in the ini-
tial ground state (green line). It is worthy to note that
the molecule number N is not required to be equal to
the molecule number of the chiral mixture to be detected
(NL +NR). The calculation period is 0 < t < 1ms. The
parameters are Ω12 = Ω13 = 10MHz, Ω23 = 30MHz,
∆12 = ∆13 = 100MHz, and ∆23 = 0MHz under the
three-photon resonance. The chirality-dependency in
Eq. (6) is related to the evolutions of the three-level
(GHz)
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Figure 2. Fourier transform spectrum of average induced po-
larization in a racemic sample |P˜
rm
21 (ω)| (green line), single
left-handed molecule |P˜
L
21(ω)| (blue line), and single right-
handed molecule |P˜
R
21(ω)| (red line) in the initial ground
state. The two AC Stark peaks corresponding to frequen-
cies ωI and ωII are chosen for the determination of enan-
tiomeric excess. The parameters are Ω12 = Ω13 = 10MHz,
Ω23 = 30MHz, and ∆12 = ∆13 = 100MHz. According to
the three-photon resonance condition, we have ∆23 = 0MHz.
The time period for calculation of fast Fourier transform is
0 < t < 1ms.
systems. In order to have obvious evolutions, we have
chosen the maximum values of Ω13 and Ω23. Here, we
note that the working states are appropriately chosen
to make sure that the parameters can be tuned in the
parameter regime |Ω12| ≤ {|∆12|, |Ω23|}, where d can
be such large that our method (15) can give a good
estimation of the enantiomeric excess in the realistic
cases. The average induced polarization corresponding
P˜
rm
21 (t) = 0.5P˜
L
21(t) + 0.5P˜
R
21(t) can be obtained by nu-
merically solving Eq. (22) and Eq. (23). After that, using
a fast Fourier transform algorithm, we arrive the Fourier
transform spectrum of P˜
rm
21 (t). We find that the six AC
Stark peaks for each of the two enantiomers reduce to two
AC Stark peaks. One of the two AC Stark peaks for each
of the two enantiomers is suppressed. The unsuppressed
AC Stark peaks are at the same side of the bare transition
frequency according to Eq. (7). It is known from Eq. (11)
that, the two unsuppressed AC Stark peaks correspond
to the two enantiomers, respectively. Their correspond-
ing frequencies are ωI and ωII. We also give the Fourier
transform spectrums of P˜
L
21 (blue line) and P˜
R
21 (red line)
in Fig. 2, which clearly show |P˜R21(ωI)| ≪ |P˜
L
21(ωI)| and
|P˜L21(ωII)| ≪ |P˜
R
21(ωII)|. Then, the two unsuppressed AC
Stark peaks can be considered well separated from other
peaks comparing with their widths and Eq. (18) will give
a good estimation of the enantiomeric excess by choosing
the two AC Stark peaks with frequencies ωI and ωII.
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Figure 3. Absolute values of the errors δ = ε − εm as a function of ε: (a) for different ∆12 with Ω12 = Ω13 = 10MHz,
Ω23 = 30MHz, and ∆13 = ∆12; (b) for different Ω12 with Ω13 = Ω12, Ω23 = 30MHz, and ∆12 = ∆13 = 100MHz; (c) for
different Ω23 with Ω12 = Ω13 = 10MHz and ∆13 = ∆12 = 100MHz. For the three cases, we have ∆23 = 0MHz under the
three-photon resonance condition.
C. Determination of enantiomeric excess
In practice, we can first use a racemic sample and ad-
just the parameters to ensure that the two chosen AC
Stark peaks are well separated from other peaks and esti-
mate the coefficient λ according to Eq. (19). Then apply-
ing the same electromagnetic fields to the chiral mixture
to be detected, we can determine the enantiomeric ex-
cess from the Fourier transform spectrum of the induced
polarization with the help of Eq. (18). Comparing with
the EMS method where the enantio-pure sample should
have the same molecule number as the chiral mixture
to be detected, there is no such a requirement for the
racemic sample in our method.
In Fig. 3, we numerically show the error
δ = ε− εm (28)
as a function of ε for different parameters. Our nu-
merical results show that the method (18) gives a bet-
ter results in the region |ε| ∼ 0 than those in the re-
gion |ε| ∼ 1. Considering the performance in the en-
tire interval of ε, we would like to choose the parame-
ters to be Ω12 = Ω13 = 10MHz, Ω23 = 30MHz, and
∆12 = ∆13 = 100MHz for the estimation of the enan-
tiomeric excess among the others in Fig. 3 with the corre-
sponding error of the enantiomeric excess |δ| < 3× 10−3.
With our numerical results of initial ground state, we
have demonstrated our method for the determination of
enantiomeric excess and shown that the absolute error
can be deduced by tuning the driving fields. Generally, in
order to give good estimation of the enantiomeric excess,
each of the two chosen AC Stark peaks should be well
separated from the other peaks in the Fourier transform
spectrum, and the two chosen AC Stark peaks should be
sufficiently high comparing with the unchosen peaks.
VI. SUMMARY AND DISCUSSION
In conclusion, we propose a theoretical method for de-
termination of enantiomeric excess based on the chirality-
dependent AC Stark effects with the framework of the
cyclic three-level model under the three-photon reso-
nance condition. The key point of our method is to
find two AC Stark peaks in the Fourier transform spec-
trum of the induced polarization, whose amplitudes are
(approximately) proportional to the molecule numbers of
the two enantiomers, respectively. Comparing with the
traditional methods [7–9] and the EMS method [18–26],
our method determines enantiomeric excess without re-
quiring for the enantio-pure samples and thus would have
wide applications for chiral molecules whose enantio-pure
samples are hardly to achieve. The chiral rotational spec-
troscopy method [50] also work without requiring for the
enantio-pure samples. However, the underlying physical
mechanism [50] is the interference between the electric-
and (usually weak) magnetic-dipole transition moments,
which would provide weak chiral signals [17–26].
The relevant physics in our method is the chirality-
dependent AC Stark effects. In Ref. [51], they have
obtained the chirality-dependent AC Stark effects when
all the three transitions are coupled in the large detuning
condition. However, the difference of the frequency shifts
for the two enantiomers is very small (≪ |Ω23|). In
our proposal, the difference of the frequency shifts for
the two enantiomers is of the same order of Ω23. With
the help the chirality-dependent AC Stark effects, one
can also determine the enantiomeric excess via power
spectrum [52], absorption spectrum [53], fluctuation
spectrum [54], and so on.
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